INTRODUCTION
Many marine phytoplankton species produce large amounts of the intracellular osmolyte dimethylsulfoniopropionate (DMSP) (Keller et al. 1989) , and high concentrations of DMSP are often observed in phytoplankton blooms (Malin et al. 1993 , Gibson et al. 1996 , Matrai & Vernet 1997 , van Duyl et al. 1998 . The production and biogeochemical cycling of DMSP in marine systems is of interest because this compound is an important source of carbon and sulfur in the microbial food web (Kiene et al. 2000 , Simó et al. 2002 , ABSTRACT: Phytoplankton bloom cycles were followed for 9 d in two 20 l carboy mesocosms filled with water from the offshore plume of Mobile Bay Alabama, USA, and incubated under fluorescent light. One of the blooms was enriched by addition of nitrate+phosphate (+nutrients), and both blooms were used to study how dimethylsulfide (DMS) concentrations and biological consumption varied over the bloom cycles. Peaks of algal biomass (15-22 µg chlorophyll a l -1 ) in the blooms were followed within 1 d by peaks of the DMS precursor, particulate dimethylsulfoniopropionate (DMSPp; 100-140 nM). DMS concentrations increased rapidly during the early bloom, rising from 1 nM on Day 1 up to 12 nM in the unamended carboy and up to 17 nM in the +nutrient carboy on Day 6. Maximum values for DMS concentrations, DMS consumption rates (as measured with 35 S-DMS), and bacterial production were observed during the early decline of phytoplankton biomass. DMS consumption rates were initially 0.8 nM d
-1 and increased to 3.1 nM d -1 in the unamended carboy and to 9.1 nM d -1 in the +nutrient carboy. Rate constants for DMS consumption (0.25-0.95 d -1 ) initially decreased as DMS concentrations increased, resulting in longer turnover times for DMS during the peak and early decline of the blooms. Assimilation of DMS-sulfur by bacterioplankton accounted for 4-22% of the total DMS consumption and higher rates of DMS assimilation occurred in the +nutrients bloom. Despite a bloom and decline of total heterotrophic bacterial abundances, bacterial community composition at the major phylogenetic group level remained relatively constant in both blooms, although the alpha proteobacteria showed a temporal increase in abundance in the +nutrient carboy. The concentration ratios of DMS:chlorophyll a and DMS:DMSP displayed nonlinear, sigmoidal patterns over the bloom cycles and these ratios were not substantially affected by the nutrient amendment. Our results demonstrate that uncoupling of DMS production and biological consumption can occur early in a bloom cycle, causing DMS concentrations to rise significantly before biological consumption responds to draw down the DMS.
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Resale or republication not permitted without written consent of the publisher and also because DMSP is the major precursor of the volatile sulfur species dimethylsulfide (DMS) (Turner et al. 1988 , Simó 2001 . Marine DMSP cycling supports a global sea-to-air DMS flux of between 0.5 and 1 Tmol yr -1 (Andreae 1990 , Kettle & Andreae 2000 , with DMS emissions affecting atmospheric chemistry, and potentially climate, through formation of aerosols that scatter solar radiation and affect cloud optical properties (Charlson et al. 1987 , Malin & Kirst 1997 .
The emission rate of DMS depends greatly on the concentration of DMS in surface waters which, in turn, is controlled by the relative magnitude of complex production and loss processes (Malin & Kirst 1997) . Although nearly all marine DMS arises from DMSP, DMS emission typically accounts for a very small part of the DMSP cycled in surface seawater (Bates et al. 1994) . Recent investigations have shown that bacteria transform dissolved DMSP (DMSPd) not only into DMS but also into methanethiol (MeSH) (Kiene 1996a) , a process that acts as a major control on DMS production. Microbial consumption of DMS also limits its flux to the atmosphere (Kiene & Bates 1990 ), but it is now recognized that the relative magnitude of biological DMS consumption and other sinks (i.e. sea-air exchange and photolysis) can vary with time and location (Kieber et al. 1996 , Simó & Pedrós-Alió 1999b .
Elevated DMS concentrations have been observed during phytoplankton blooms in the field (Malin et al. 1993 , Matrai & Keller 1993 ) and in controlled mesocosm incubations (Nguyen et al. 1988 , Kwint & Kramer 1995 , Kwint et al. 1996 . Most often the highest DMS concentrations are associated with the decline phases of blooms when phytoplankton are senescing due to nutrient limitation, or are being intensively grazed (Nguyen et al. 1988 , Kwint & Kramer 1995 . On the other hand, van Duyl et al. (1998) observed highest DMS concentrations during the early, exponential increase of phytoplankton biomass in a Phaeocystis sp. bloom. Obviously the production of DMS can become uncoupled from its consumption, but relatively few studies have examined the dynamics of DMS in relation to bloom development and decline. Because the magnitude of DMS flux to the atmosphere depends strongly on the concentration of DMS in surface waters (Andreae 1990) , further knowledge is needed of the factors that control temporal variations in DMS concentrations under a variety of conditions.
Recently, a sensitive radioactive sulfur tracer technique has been developed and employed for measuring the rates of DMS turnover (Kiene & Linn 2000a ,b, Zubkov et al. 2001 . In the present study we used this technique to follow DMS consumption in conjunction with changes in DMS concentrations, phytoplankton-associated parameters (chlorophyll a and particulate DMSP) and bacterial parameters (biomass production and community composition) during 2 phytoplankton blooms, one of which was augmented by the addition of exogenous inorganic nutrients. The aim of this study was to gain greater understanding of the temporal development of biological DMS consumption, which is a major control on DMS concentrations in nature.
MATERIALS AND METHODS
Sample collection and incubation. Samples of surface water were collected from a small boat on April 21, 1999 directly into two 20 l, acid-rinsed, clear polycarbonate carboys at a site located approximately 10 km south of Dauphin Island, Alabama, USA (30°20' N, 88°10' W). This site was in the plume discharging from Mobile Bay into the northern Gulf of Mexico. Water samples (salinity 34 ppt) were held in the dark at in situ temperature during transit back to the laboratory (< 2 h). To ensure a bloom in at least 1 of the carboys, nitrate and phosphate (10 µM NO 3 -, 0.65 µM PO 4 3 -added concentrations) were added to 1 carboy upon return to the laboratory (Day 0). The other carboy remained unamended and therefore contained only endogenous nutrients, which were not measured until Day 1. The carboys were incubated in an environmental chamber at the in situ temperature (20°C). During the experiment, carboys were constantly mixed by a magnetic stirrer. Light (70 µmol photons m -2 s -1 ) was provided by cool-white fluorescent bulbs with a day/night cycle of 14 h light and 10 h dark. The experimental light period was slightly longer than that in the field (13.1 h). Daily, for 9 consecutive days, 750 ml subsamples were gently poured from the carboys, with minimal gas exchange, into receiving bottles. These subsamples were used for a series of analyses and incubations, described further below.
Analytical methods. Dissolved DMS in water samples was analysed by sulfur-selective gas chromatography as described by Kiene (1996b) . We measured 3 analytical replicates (coefficient of variation, CV < 8%) from each carboy sample on each date. For 5 ml samples the detection limit was 0.1 nM DMS. Particulate DMSP (DMSPp) was measured on 50 ml subsamples that were filtered by gravity through GF/F glass-fiber filters. The GF/F filters were treated with 2 ml of 5 N NaOH in sealed vials and allowed to sit for >12 h before analysis. The amount of DMS released into the headspace was quantified by injection of 100 µl subsamples of the headspace into the gas chromatography-flame photometric detector (GC-FPD). Single DMSPp measurements from each carboy sample were made on most dates, but replicate analyses on a few dates showed that the coefficient of variation was <10%. Chlorophyll a (chl a) was measured fluorometrically (Strickland & Parsons 1968 ) on 100 ml subsamples collected on GF/F filters. Concentrations of nitrate were measured in GF/F filtrates by auto-analysis on an Alpkem model RFA/2.
We measured DMSPd concentrations and we also measured turnover rate constants for DMSPd with 35 S-DMSPd. Inconsistencies in these data led us to suspect that filtration-induced release of DMSP occurred, leading to overestimation of DMSPd concentrations and hence calculated turnover. We therefore decided not to present the DMSPd data. Even though filtration artifacts probably increased the DMSPd concentrations significantly, the DMSPp concentrations were not substantially affected by the loss of DMSPd during filtration; DMSPd concentrations averaged <10% of the measured DMSPp, which is within the precision of the DMSPp measurement.
Uptake and metabolism of DMS. We filled 60 ml Teflon bottles (1 for each carboy) with sampled water and each bottle was spiked with gaseous 35 S-DMS to 50-1000 dpm ml -1 . Isotope spikes varied from one incubation to the next, but these differences did not affect the determination of rate constants because all the additions were at non-perturbing tracer levels (< 0.1 nM of added 35 S-DMS). These samples were incubated in the dark at 20°C, and at selected times (typically at 5.5-8.5 h), 5-30 ml subsamples were taken and filtered through 0.2 µm nylon filters for determination of total uptake of 35 S into particulate material. For determination of dissolved non-volatile sulfur (DNVS) transformation products of 35 S-DMS (Kiene & Linn 2000b ), a 5 ml subsample of the 0.2 µm filtrate was sparged (100 ml min -1 ) with nitrogen for 7 min to remove dissolved 35 S-DMS, and the activity remaining in the sparged filtrate was radio-assayed. Tests with 0.2 µm-filtered seawater or time 0 controls of unfiltered water showed that sparging for 7 min was sufficient to remove > 99% of unreacted 35 S-DMS. These tests also showed that nonbiological DMS consumption was negligible. Rate constants for DMS turnover due to uptake or transformation into DNVS were calculated from the fraction of DMS converted into the respective pools per unit time. The total DMS consumption rate constant was taken as the sum of the rate constants for uptake plus DNVS production. DMS consumption rate, in nM d , was calculated by multiplying the total rate constant by the concentration of DMS at the time of sampling. The measured DMS consumption was biological because photochemical destruction was precluded by incubations in the dark, and abiotic DMS losses (either oxidation or loss to the gas phase) were insignificant.
Bacterial production and cell abundance. Production of bacterial biomass in subsamples of water collected on each sampling day was estimated from the incorporation of [ 3 H]-leucine (Kirchman et al. 1985) using a conversion factor of 3.1 kg of bacterial C mol For bacterial abundance measurements, and for taxonomic identifications, 2 ml subsamples were fixed with 1% formaldehyde and kept frozen at -20°C for subsequent analyses. Abundance of total heterotrophic bacteria was determined with a FACStar Plus flow cytometer (Becton Dickinson) as described previously by Zubkov et al. (1999) .
The abundance of several major bacterial taxonomic groups was determined by fluorescence in situ hybridization (FISH) on the same samples used for the flow cytometric counts of total heterotrophic cells. Bacteria from the thawed samples were collected on 0.2 µm polycarbonate filters (Millipore). Fluorescence in situ hybridization of harvested cells counter-stained with DAPI was done according to a protocol of Glöckner et al. (1996) . The following oligonucleotide probes were used: EUB368 (5'-GCTGCCTCCCGTAGGAGT-3'; specific for domain Eubacteria,), ALF968 (5'-CGTTC-GYTCTGAGCCAG-3'; specific for alpha-subdivision of Proteobacteria), BET42a (5'-GCCTTCCCACTTCG-TTT-3'; specific for beta-subdivision of Proteobacteria), GAM42a (5'-GCCTTCCCACATCGTTT-3'; specific for gamma-subsubdivision of Proteobacteria), CF319a (5'-TGGTCCGTGTCTCAGTAC-3'; specific for the Cytophaga-Flavobacterium cluster), according to Amann et al. (1995) . All probes were commercially synthesized and labeled with indocarbocyanine dye Cy3 (Interactiva). The relative abundance of hybridized cells was estimated as the ratio of hybridized cell counts to counts of DAPI-stained cells using epifluorescence microscopy (Zeiss Axioplan microscope equipped with a 100× Plan Neofluor objective). We counted 300-500 DAPI-stained cells in each hybridized sample and the relative concentration of each group was calculated as the ratio of probepositive cells that also had a DAPI signal to the total number of DAPI-stained cells in an examined filter area. For most samples, only 1 filter was prepared for counting, but duplicate analysis of selected samples showed that the counting error did not exceed 3%. The percentage of heterotrophic microbial cells that hybridized with a general eubacterial probe (Eub) was conservative, between 80 and 90% throughout the experiment. These percentages were used to estimate a maximum counting error, which was 5.4%. Therefore the accuracy of microscopic FISH analysis should be better than 5.5%. About 80 ± 15% of Eub-positive bacteria were identified by one of the group specific probes used. In order to estimate absolute concentra-tions of each bacterial group, the ratios of probe-positive cells were multiplied by the total bacterial concentration determined by flow cytometry.
RESULTS AND DISCUSSION

Bloom development
Temporal patterns of phytoplankton-associated parameters (e.g chl a and DMSPp) were similar in the 2 carboys (Fig. 1a,b) . During the first 2 d of incubation phytoplankton biomass, as measured by chl a, increased from 4.3 to 15.4 µg l -1 in both carboys (Fig. 1a,b) . After Day 2, chl a began to decline in the unamended carboy, whereas it continued to increase in the +nutri-ent carboy, reaching a peak of 22 µg l -1 on Day 4. The time at which both blooms began to decline corresponded with the exhaustion of nitrate in the respective carboys (Fig. 1a,b) . By the end of the experiment, the chl a concentrations in both carboys (~5 µg l -1 ) were nearly at the initial values. The magnitude of these laboratory-induced blooms is typical of those which occur in the field as the Mobile Bay plume empties onto the shallow coastal shelf of the northern Gulf of Mexico (Pennock et al. 1999) .
The DMSPp concentration was initially 36 nM and it increased to a maximal value of 98 nM on Day 3 in the unamended carboy (Fig. 1a) . The increase of DMSPp in the +nutrient carboy lagged behind that of the unamended carboy, but eventually reached a higher maximal concentration (138 nM) on Day 5 (Fig. 1b) . The highest DMSPp concentrations in both blooms occurred about 1 d after the peaks of chl a (Fig. 1a,b) . During the decline phases of the blooms, the DMSPp concentrations followed closely the decreases of chl a in both carboys. The close correspondence between chl a and DMSPp concentrations might be expected based on previous studies that have observed elevated concentrations of DMSPp and strong correlations between DMSPp and chl a in natural blooms of DMSPproducing phytoplankton (Malin et al. 1993 ).
The DMSP:chl a ratios (nmol:µg) ranged from 3.2 to 9.1 in both carboys throughout the experiment. These relatively low values are typical of coastal, diatom-dominated communities (Iverson et al. 1989 ), possibly as a result of the low intracellular DMSP concentrations in diatoms compared with some other taxonomic groups such as the dinoflagellates and prymnesiophytes (Keller et al. 1989 ). Our 9 d sampling regime captured nearly a complete bloom cycle, with end-time concentrations of chl a and DMSPp returning nearly to those measured at the start of the experiment (Fig. 1a,b) . The dynamics of the phytoplankton-associated parameters were accompanied by significant changes in the concentrations and microbial turnover of DMS, an important degradation product of DMSP.
DMS concentration dynamics
The concentration of DMS in the unamended carboy was about 1 nM on Day 1, and it increased rapidly during the bloom development, reaching maximum concentrations of 12 and 17 nM on Day 6 in the unamended and +nutrient carboys, respectively (Fig. 1c,d ). The maximum DMS concentrations occurred 4 d after the chl a maximum (3 d after the DMSPp maximum) in the unamended ). y-axis scale for nitrate concentration on left of figure applies to (a) and (b); for clarity, unlabelled version of same y-axis scale is shown between these 2 graphs carboy, but only 2 d after the chl a maximum (1 d after the DMSPp maximum) in the +nutrients carboy. After the peak DMS concentrations were reached on Day 6, they decreased rapidly in both carboys to about 5-8 nM by the end of the experiment on Day 9. These final concentrations were substantially higher than the initial concentrations despite relatively fast consumption of DMS at this time (see below). DMS concentrations in both carboys began to increase early in the blooms, before significant declines in DMSPp occurred. van Duyl et al. (1998) also observed high DMS concentrations early in a natural bloom of Phaeocystis sp. in the Dutch Wadden Sea. Phaeocystis sp. is known to produce a cell-surface DMSP lyase which might have been responsible for high DMS accumulations during the exponential growth phase of the Wadden Sea bloom (van Duyl et al. 1998) . Unfortunately, without detailed information on the phytoplankton species composition in our study, we cannot say conclusively whether any DMSP lyase-producing phytoplankton species were abundant or not. Diatoms, which were probably dominant in our mesocosms, are not known to have active DMSP lyase enzymes (Steinke et al. 1996) . The most likely source of DMS during the blooms was bacterial degradation of dissolved DMSP (Turner et al. 1988) , although direct output from phytoplankton cannot be ruled out.
DMS:chl a and DMS:DMSPp
The proportional increase in DMS concentrations in both carboys was significantly more than that of chl a or DMSPp. This is illustrated by the increasing trend of the ratios DMS:chl a or DMS:DMSPp plotted against time of incubation in Fig. 2 . These ratios increased 12-and 9-fold, respectively, during the incubation and remained high on the last days of the experiment despite rapid DMS consumption and diminishing DMS concentrations on Days 6 through 9. Interestingly, normalization of DMS concentrations to the algal biomass parameters, chl a or DMSPp, removed most of the obvious differences between the unamended and +nutrient carboys. These analyses suggest that DMS concentrations in algal blooms depend on algal biomass and DMSPp but in a distinctly non-linear way. Our findings are consistent with field data sets collected over large geographic regions, which show that variations in chl a concentrations often explain less than 30% of the variance in DMS concentrations (Andreae 1990, Kettle et al. 1999) . In this regard, it is interesting to note that Uher et al. (2000) found that DMS:chl a from various sites in the North Atlantic varied with a regular sine wave-like pattern over an annual cycle, with maxima in mid-to late-summer. The summer DMS:chl a maximum in the field might be related to mixing layer depth, as suggested by Simó & Pedró-Alió (1999a) . In our laboratory study we observed the highest DMS:chl a and DMS:DMSPp ratios during the decline phases of the blooms (Fig. 2) , suggesting a major role of grazing and phytoplankton senescence in maintaining high biomass-specific DMS concentrations, as has been suggested before (Leck et al. 1990 , Matrai & Keller 1993 . Despite the relatively high DMS concentrations we observed in the coastal water mesocosms, it should be noted that the DMS:chl a ratios (<1.5) were very much lower than the values of 5-20 observed in shelf and oceanic waters of the North Atlantic (Uher et al. 2000) .
Temporal changes in DMS consumption rate constants
The total rate constant for biological DMS consumption, as determined with 35 S-DMS, was initially about 0.73 d -1 in the unamended carboy and declined as the bloom developed and as DMS concentrations increased (Fig. 1c) . The lowest rate constant in the unamended carboy (0.25 d -1 ) was measured on Day 6, when DMS concentration was the highest. After Day 6, the rate constant increased to 0.66 d -1 , which was nearly the initial value. Due to logistical problems at the outset of the experiment, the DMS consumption rate constant in the +nutrient carboy was not measured , it was similar to that in the unamended carboy (Fig. 1d) . Thereafter the rate constant in the +nutrient carboy increased and was higher than in the unamended carboy, eventually reaching 0.95 d -1 on Day 9. The higher DMS consumption rate constants late in the +nutrient bloom could have resulted from the generally higher bacterial production in this carboy on Days 4-9 (see Fig. 4 ), or it might have been a specific response of DMS-consuming bacteria to higher DMS concentrations in the +nutrient bloom. The relatively low DMS consumption rate constants observed when DMS concentrations were increasing, near the top and early decline of the blooms, correspond to longer turnover times for DMS (turnover time = 1/rate constant). The results from both carboys suggests a relatively slow response of the biological consumption processes which led to uncoupling between DMS production and consumption and to the accumulation of DMS. The rate constants measured here with the 35 S-DMS technique (0.25 to 0.95 d -1 ) are similar to those measured previously in various marine waters with inhibitor techniques (Kiene & Bates 1990 , Simó & Pedrós-Alió 1999b , Wolfe et al. 1999 . In general, the rate constants for biological DMS removal from the ocean mixed-layer are greater than those for removal by air-sea exchange (Kiene & Bates 1990 , Kieber et al. 1996 , Kwint et al. 1996 pointing to the importance of biological removal in controlling DMS emissions. However, the findings of Kieber et al. (1996) and Simó & Pedros-Alió (1999b) have emphasized that the relative importance of DMS sink processes can vary in space and time. In our study, the only relevant DMS sink was biological consumption and this process must have been responsible for lowering the DMS concentrations after Day 6, as the blooms declined (Fig. 1c,d ).
Temporal changes in DMS consumption
The biological consumption rate of DMS (product of the consumption rate constant and the DMS concentration) in the unamended carboy increased from 0.8 to 3.1 nM d -1 , held roughly steady at this rate from Days 4-8, and then increased to 5.5 nM d -1 on Day 9 (Fig. 1c) . DMS consumption in the +nutrient carboy was similar to that in the unamended carboy on Day 3, but then increased markedly above the unamended carboy on Days 4 through 8, with a maximal rate of 9.1 nM d -1 on Day 6 (Fig. 1d) . The rate on Day 9 (4.7 nM d -1 ) was nearly the same as in the unamended carboy, and DMS consumption in both carboys at the end of the experiment was substantially higher than at the start, controlled primarily by the higher DMS concentrations (i.e. rates constants were similar to the Day zero value in the unamended carboy). Our findings agree with those of previous studies employing mesocosms (Kwint et al. 1996) or time-series from coastal areas (van Duyl et al. 1998 ) and open-ocean blooms (Zubkov et al. 2002) , which observed that DMS consumption activity increases in response to higher DMS concentrations.
Time trajectory of DMS consumption versus DMS concentration
DMS consumption rates clearly depended on DMS concentrations as the latter changed with time during the experiment (Fig. 3) . For the most part, this concentration dependence was maintained as concentrations rose and fell, as indicated by the trajectories of values from each successive day of sampling. DMS consumption appeared to saturate at about 5-10 nM DMS in the unamended carboy (Fig. 3) , but no such saturation was evident in the +nutrient carboy. Previous studies have observed saturation of seawater DMS consumption activity at low nanomolar concentrations (Kiene 1992 , Wolfe & Kiene 1993 . The data collected here suggest that the maximum consumption rates for DMS at a particular DMS concentration were stimulated by the nutrient amendment (and the resulting enhancement of phytoplankton biomass and bacterial production). This is further suggested by the fact that during the initial decline of the bloom (Day 6), maximum DMS concentrations were only 40% higher in the +nutrient 82 Fig. 3 . DMS consumption rates plotted against corresponding DMS concentrations for all measurements obtained from the unamended and +nutrients carboys. Data points for each carboy are connected, indicating time trajectory of consumption rates from Day 1 (D1) to end of the incubation (D9). No data were available for Day 5. For clarity, the line for the unamended carboy was not extended to the D9 point carboy than in the unamended carboy, whereas DMS turnover in the +nutrient carboy was 300% higher than in the unamended carboy. Thus, there was tighter coupling of DMS production and consumption in the +nutrients bloom, with DMS consumption playing a significant role in limiting the accumulation of DMS.
Fate of DMS
On average, 90% of the DMS consumption resulted in production of dissolved non-volatile products; therefore the time courses of DMS turnover into DNVS (not shown) looked nearly identical to that of total DMS turnover (see Fig. 1c,d ). These findings agree with previous studies that found DNVS (Zubkov et al. 2002) including sulfate (i.e. DNVS; Kiene & Linn 2000b) to be the major non-volatile transformation products of DMS.
The rate of DMS-sulfur incorporation into bacterial biomass was a relatively small fraction (4-22%; mean = 10 ± 5%) of the total DMS consumption rate in both blooms. The rate of DMS-sulfur assimilation increased sharply during the decline of the nutrientamended bloom (Fig. 4b) , whereas it was relatively steady in the unamended bloom (Fig. 4a) . The higher DMS-sulfur turnover into bacterial biomass in the +nutrients bloom corresponded with generally higher bacterial biomass production occurring during the later stages of the +nutrients bloom (Fig. 4b) . The incorporation of sulfur from DMS into microbial biomass was probably due to use of the reduced sulfur for protein synthesis, as has been shown previously for DMSP (Kiene et al. 1999) . Tests with a variety of other water samples have consistently shown that DMSsulfur is incorporated into a macromolecular fraction (R. Kiene unpubl. data) . In the present study the sulfur assimilation efficiency from DMS (~10%) was consistently lower than previously observed for DMSPd in coastal waters (20-39%), but similar to that for DMSP in oceanic waters (Kiene & Linn 2000b) . Using our values of DMS sulfur assimilation, and estimates of bacterial sulfur demand derived from bacterial carbon production and a cellular C:S ratio of 248 (Cuhel et al. 1982) , we calculated that DMS contributed a relatively small amount (0.3-3.4%) to the bacterial sulfur demand in both blooms. Such low contributions contrast with those measured previously for dissolved DMSP, which may contribute 50-100% of the bacterial sulfur demand in ocean waters (Kiene & Linn 2000a , Zubkov et al. 2002 .
Few previous studies have examined the biological fate of DMS in seawater. Wolfe & Kiene (1993) used 14 C-labeled DMS in waters from a salt marsh and found that the methyl carbons were assimilated into biomass and respired to CO 2 in roughly equal proportions (i.e. 50% carbon assimilation efficiency). Based on this limited amount of information, it appears that the sulfur in DMS may be assimilated to a much lesser degree (~10%) than the carbon of DMS.
Production, abundance and composition of heterotrophic bacterioplankton
The increases of phytoplankton biomass in both blooms significantly increased bacterial production and abundance (Figs. 4 & 5) . Bacterial biomass production in the unamended bloom peaked at 9 µmol C l -1 d -1 on Day 2 (Fig. 4a) , which was the same day as the chlorophyll maximum. After the peak it slowly decreased to 5-6 µmol C l -1 d -1 (Fig. 4a) . In the larger bloom, with added nutrients, bacterial production increased from 5 µmol C l -1 d -1 on Day 3 to 11 µmol C l -1 d -1 on Day 6. The peak of bacterial production in the +nutrients carboy occurred 2 d after the highest chl a concentrations, but on the same day (Day 6) as the maximum DMS concentration and highest DMS consumption. After the maximum, bacterial production remained higher in the +nutrients carboy than in the unamended carboy (Fig. 4b) .
The abundance of heterotrophic bacterioplankton (HB) in the unamended carboy was 1.5 × 10 9 cells l -1 on Day 1, and it peaked at 5 × 10 9 cells l -1 in the unamended carboy on Day 5 and at 10.5 × 10 9 cells l -1 in the +nutrient carboy on the Day 7 (Fig. 5 a,b) . These maxima in bacterial cell abundances Fig. 4 . Time course of heterotrophic bacterial production and DMS-sulfur assimilation into particulate material in unamended and nutrient-amended carboys. Note that bacterial production scale on left ordinate and the DMS sulfur assimilation scale on far right ordinate applies to both (a) and (b) occurred several days after the peak of chl a in each respective carboy. Towards the end of the experiment, bacterial abundances in the unamended carboy decreased to the initial level. HB abundance in the +nutrient bloom also declined toward the end of the experiment, but on the last day of sampling remained higher (6 × 10 9 cells l -1 ) than in the unamended carboy.
The increases in bacteria-associated parameters (production and numbers) were larger in the more intense bloom (+nutrients). These results are not surprising, since numerous studies have shown that bacteria are stimulated by DOM released from phytoplankton (Larsson & Hagstrom 1982) . Higher DMS concentrations and DMS consumption in the +nutrient carboy generally corresponded to the higher values of HB abundances, and biomass production. However, direct correlations of these parameters were not significant, most likely due to temporal offsets in the development of the biological communities and the biogeochemical processes. In general agreement with our findings, Kwint & Kramer (1995) and Kwint et al. (1996) reported that most-probable number counts of DMS-consuming bacteria in mesocosms increased late in the bloom cycles, and were probably responsible for significant removal of DMS.
Despite the significant temporal changes in total bacterial abundance and activity, the community composition changed relatively little, based upon the major group-specific measurements we made. Because we used probes targeting only large phylogenetic groups of bacteria, we cannot exclude the possibility of species changes within individual groups, which would have gone undetected. The concentration of identified bacterial groups rose and fell during the bloom cycles in both carboys (Fig. 5a,b) and their relative abundances changed moderately over time (Fig. 5c,d ). Of the identified groups the Cytophaga-Flavobacterium (CF) cluster bacteria generally had the highest concentrations, increasing from 0.5 × 10 6 cells ml -1 to 2 × 10 6 cells ml -1 in the unamended carboy and to 3 × 10 6 cells ml -1 on the Day 6 in the +nutrient carboy (Fig. 5 a,b) . These CF cluster abundances corresponded to 32 ± 8% of all bacterial cells, with somewhat higher relative abundances in the unamended carboy. The concentrations of α-and γ-proteobacteria were lower than those of the CF cluster (Fig. 5 a,b) , with bacteria from the α-subdivision making up 18 ± 7% of the total numbers and with bacteria from the γ-subdivision making up 13 ± 3% of the total bacteria (Fig. 5c,d) . Bacteria from the β-subdivision of Proteobacteria comprized <3% of the total abundances (data not shown). Somewhat more pronounced changes in community composition were observed in the +nutrient carboy. There was a peak of α-proteobacteria abundance on Day 7 in the +nutrient carboy (Fig. 5b) and this was the dominant group on that day. The concentration of γ-proteobacteria steadily increased to a maximum of 1.4 × 10 6 cells ml -1 on the same day as the α-proteobacteria peak (Fig. 5b) , and both groups declined thereafter. The peak of the CF cluster in the unamended carboy occurred on the second day, but it did not correspond to any other parameter measured. In general, the dominance of bacterioplankton communities by members of the CF cluster and α-and γ-proteobacteria is typical of marine waters (Giovannoni & Rappe 2000) .
Given the relatively minor changes in bacterial community structure, we cannot infer which groups may have been prominent in producing or consuming DMS in this study. Other recent work (González et al. 2000 , Zubkov et al. 2001 , Moran et al. 2003 ) has pointed to the α-proteobacteria, particularly members of the Roseobacter clade, as being important DMSP consumers in certain oceanic phytoplankton blooms, but they have not been linked with DMS consumption in the field (Zubkov et al. 2002) . The α-proteobacteria were an important component of the bacterial population in the present study (18 ± 7%), but they came to brief dominance in the +nutrient carboy only on Day 7. More detailed studies will be required to assign biogeochemical functions to this or other taxonomic groups.
CONCLUSIONS
During laboratory-induced phytoplankton blooms, DMS concentrations increased proportionally more than phytoplankton biomass (chl a) or its precursor (DMSPp), resulting in increases of the ratios DMS:chl a and DMS:DMSPp. DMS concentrations increased early in the bloom cycle, due mainly to a slow response of the consumption process, which was unable to tightly control the DMS concentrations. After reaching maximal concentrations during the decline phase of the blooms, DMS concentrations were eventually lowered by increased biological consumption. DMS-sulfur was transformed predominantly into dissolved non-volatile products, with incorporation into particulates accounting for only ~10% of the transformed DMS-sulfur. Higher concentrations and turnover of DMS roughly corresponded with higher abundances and production of bacterioplankton. However, despite rather large changes in abundance and activity of the bacterioplankton, the relative abundances of 3 dominant groups: the Cytophaga-Flavobacterium cluster, α-and γ-proteobacteria, remained relatively constant throughout the phytoplankton bloom cycle and no inferences could be made as to their role in DMSP/DMS cycling in the low DMSPp:chl a blooms studied.
